This experimental note is concerned with a new effect we discovered in the course of studying water hammering phenomena. Namely, the ejecta originating from the solid plate impact on a water surface brings about a liquid rim at its edge with the fluid flowing towards the rim center and forming a singular structure resembling a "pancake." Here, we present the experimental observations and a qualitative physical explanation for the effect, which proves to be fundamental to the situation when the size and speed of the impacting body are such that the capillary effects become important. C The interplay of the continuous and the discrete is intrinsic in the description of the worldthe emergence of discrete structures from continuous data has always been fascinating to scientists not only for its visual appeal but also for its fundamental importance. 1 In the present work, we will discuss a particular exhibition of such phenomena due to the competition between inertia and surface tension effects. Namely, in the course of water hammering experiments, cf. Figure 1 , we observed a phenomenon which resembles a "pancake" formed on liquid rims, a well-developed case of which is illustrated in Figure 2 . Its formation in time is shown in Figure 3 , where one can observe how the ejecta grows, a liquid rim forms at its end due to retraction, and finally a pancake appears.
There are a few key questions originating from these observations. First, (I) what makes the fluid flow towards the center of the rim thus leading to the formation of the pancake structure? Second, we observed that the pancake preferrably forms along the shorter side of the impacting plate, which brings the related questions as to (II) why does ejecta develop higher along the long side of the impactor compared to that along the shorter side of the impactor as one can infer from Figure 3 (a)? Also, (III) why does the ejecta develop higher along the sides of the impactor compared to the ejecta originating from under the corner as can be seen from both Figures 2 and 3? All these questions stimulated a more systematic study of this interesting phenomenon to be discussed below.
For the measurements, we used rectangular impactor plates with the same long side of 2 l = 63.5 mm, but the short side was varied in the range w = 15.9 − 28.6 mm; the impact depths explored were in the range h = 0.5 − 2 mm and the impact velocities V 0 = 380 − 700 mm/s. In order to find the transitions between the "no pancake" and "pancake" regimes, we fixed the impactor width and impact depth and then spun the impact velocity. While visually it is obvious what one may call a "pancake," cf. Figure 2 , for a systematic analysis of the data we called the structure in the middle of the rim a "pancake" if its diameter is at least 1.5 that of the rim and if by the time of its formation at least half of it is above the undisturbed water level.
The results of our findings are summarized in Figure 4 , which shows the transition measurements in the space defined by the impact velocity V 0 and impactor width w. Two types of transitions -"no pancake to pancake" (np-p) and "pancake to corrugations" (p-c) -were identified as illustrated in Figure 4 (a) for impact depth 1 mm. Figure 4 (b) reflects the effect of the impact depth on the transition from "no pancake to pancake." There are a few key trends to point out. Generally, in the order of increasing impact speed V 0 , one goes through the regimes of "no pancake," "pancake," and "corrugations," cf. Figure 4(a) ; the increase in the depth of impact h shifts the transition from "no pancake to pancake" to lower values of V 0 , cf. Experimental apparatus used to produce "pancake" structures on liquid rims. The impacting plate of width w and length 2 l > w is connected to the plunger of a solenoid. When the solenoid is actuated by a laboratory power supply, the plate is set into motion and impacts the liquid surface with a speed V 0 (adjusted through the power supply voltage) creating the splash (shown as dashed lines). The depth of impact h can be varied via the support structure. Impact events are filmed with a high-speed digital camera (Phantom v5.2) and side lighting from a LED source (IDT).
pancake formation takes place over a narrow range of velocities, in between the transition from "no pancake to pancake" and "pancake to corrugations," which explains the rarity of the phenomenon. Next, the difference between the liquid rim radius at the apex of the ejecta evolution versus the maximum pancake diameter over the entire course of the ejecta evolution as functions of the impact velocity V 0 is shown in Figure 5 . Figure 5 (a) suggests that the rim diameter at the apex of ejecta elevation increases with the impact depth, and Figure 5 (b) indicates that for a fixed depth h the rim diameter is not a strong function of the impact speed V 0 and plate width w, but for deeper impacts, e.g., depth of 2 mm, the wider plates lead to larger pancakes, cf. Figure 5(a) .
With all these data reported, the idea now is to develop basic physical intuition about the observed trends summarized above as well as to answer the key questions (I)-(III). First, note that based on the incompressible pressure-impulse theory, 2 the gauge pressure-impulse distribution across the plate is given by
, where x = 0 corresponds to the plate center O and x = l to the plate edge S, cf. Measurements of the transition (np-p) from "no pancake to pancake" in the space defined by the impact velocity V 0 versus impactor width w: (a) two types of transitions -"no pancake to pancake" (np-p) and "pancake to corrugations" (p-c) for impact depth h = 1.0 mm; (b) effect of the impact depth h on the transition from "no pancake to pancake" (np-p) -deeper impacts shift the transition to lower velocities V 0 . The dashed and dotted lines are provided only to guide the eye.
higher for the fluid flowing towards the edges S, L of the impactor compared to that towards the corner C. Also, one may think in terms of the high curvature κ of the corner and its analogy to the impact of a small radius κ −1 disk, which would not produce as much ejecta due to surface tension σ domination over inertia, ρV 2 0 /(κ σ ) 1. Finally, concerning question (I), since the velocity at the corner V c is lower compared to that at the center V s , the pressure at the corner is higher, p c > p s , and thus there must be fluid flow towards the center of the edge S and hence up along the rim, cf. this context, a pancake forms if the fluid flux (∼ V r ) from under the plate along the rim towards its center overcomes the mass flux to the rim due to the ejecta retraction.
While the above explains the mechanism behind the pancake origin, let us determine the conditions for the transitions "np-p" and "p-c" in Figure 4 with the help of a qualitative model formulated based on first principles. Because of the intrinsic difficulty 3 of the problem, from the point of view of analytical treatment, no attempt will be made to develop a scaling capable of collapsing the data; instead, we will focus on developing a simple model only as a means to provide a minimal physical explanation of the phenomena, in particular the "np-p" and "p-c" transitions.
In view of that, we will consider the ejecta formed along the short side of the impactor of width w < 2 l as two-dimensional (2D), i.e., we will calculate all quantities per unit length. Denoting the depth of impact by h, ejecta thickness δ, its height H (unaffected by retraction due to surface tension) and initial velocity V e of the mass (wall jet) contributing to the ejecta, we can write down mass, linear momentum, and energy conservation. The mass balance hinges on the assumption that all the displaced fluid goes into the ejecta
In the linear momentum balance, the momentum of the added mass per unit length, which equals to a half-cylinder 4 of diameter l, i.e., ρ π l 2 /2, and that of due to penetration of the plate at depth h goes into the momentum of the ejecta
The energy balance tells us that the energy of the displaced fluid contributes to the kinetic energy of the ejecta minus potential energies due to gravity g and surface tension σ
where we assumed that the ejecta deflection from the vertical is not substantial, cf. Figure 3 , and neglected the energy losses since we are interested in the ejecta formation, which happens over short times and thus dissipation in the low-viscosity fluid (water) used in our experiments is not substantial.
Neglecting the ejecta retraction due to surface tension for a moment, which will be accounted for later, gravity and air entrainment, from Eqs. (1)- (3) we arrive at the following relations for the ejecta velocity, thickness, and height:
respectively, where we omitted numerical factors and introduced the Weber number W e = ρ V 2 0 l/σ . The deduced relations make qualitative sense: for example, in (4a) the longer the impactor (larger l), the larger the pressure gradient between the center O of the plate and its edge S and thus the higher the velocity V e ; also, the shallower the impact (smaller h), the less the amount of mass to be accelerated and thus the higher its velocity, which is consistent with the pressure-impulse theory 2, 4 predicting an infinite speed as t → +0 (and thus h → 0). Same conclusions apply to (4b) and (4c), e.g., the shallower the impact the thinner the ejecta, which is observed in experiments indirectly as the rim radius becomes smaller. Similar intuitive arguments can be made about other dependencies on the impact speed V 0 , surface tension σ , density ρ, and impactor length 2 l.
With the determined relations (4a)-(4c) we can now address the question on the conditions under which the pancake forms. First, let us estimate the maximum rim radius r, which can be done with the help of the Taylor 5 -Culick 6 analysis. Given the Taylor-Culick velocity U TC ∼ √ σ/(ρ δ) characteristic of retraction of a liquid sheet of thickness δ due to surface tension, the mass balance gives U TC τ char δ ∼ r 2 , where the characteristic time over which the rim (and thus the pancake) develops is on the order of the ejecta formation, i.e., τ char ∼ H/V e ; thus r ∼ √ l h, whose dependence on the impactor length 2 l and the impact depth h makes sense as the larger the displaced mass ∼l h, that is, the deeper the impact and the longer the impactor, the more mass contributes to the rim. No dependence on V 0 is also consistent with the weak variation of r with V 0 in the experimental observations, cf. Figure 5(b) . Therefore, the transitions from "no pancake to pancake" and from "pancake to corrugations" in Figure 4 (a) can be first explained in simple terms (e.g., for fixed plate width w and impact depth h) based on the observation that the characteristic time of the rim formation scales as τ char ∼ V 0 with the impact velocity V 0 . Thus, the larger V 0 , the more time is given for the pancake formation, which brings us to the (np-p) transition; for even larger V 0 (and thus τ char ), Rayleigh-Plateau instability has
